Introduction
============

Lead (Pb) is a well-known and generally used heavy metal. It can interfere with a variety of body processes and is toxic to body systems including cardiovascular, hematopoietic, reproductive, gastrointestinal, renal, and nervous systems [@B1]. Pb can impair the development of the nervous system, particularly to children, cause learning and behavior disorders that may be permanent [@B2],[@B3]. In daily life, routes of exposure to Pb include air, water, soil, food and consumer products [@B4],[@B5],[@B6],[@B7]. Although many studies have shown that Pb has neurotoxicity to the rats and human beings, but the mechanism of Pb neurotoxicity is still unclear. Clarifying the mechanism of Pb-induced neurotoxicity is important for preventing the toxicity of Pb on children.

α-synuclein is a small, highly charged 140-amino acid residue protein. It is a soluble, heat-stable, and natively unfolded protein, expresses in central nervous system (CNS) neurons and is localized around synaptic vesicles in presynaptic terminals [@B8],[@B9],[@B10],[@B11]. Accumulated evidence suggests that point mutation or genetic alteration that increase the number of copies of the α-synuclein (scna) gene can cause Parkinson\'s disease or related disorder dementia with Lewy bodies [@B12],[@B13],[@B14]. Aberrantly α-synuclein polymerize with typical amyloid properties in the fibrils, which are the major component of many types of pathological inclusions, for instance Lewy bodies that are associated with neurodegenerative diseases [@B15]. Some heavy metals can induce neurotoxicity through the induction of aberrant α-synuclein accumulation in neurons, for example manganese [@B16]. It is crucial to know whether Pb-induced neurotoxicity is related to accumulation of α-synuclein.

Tau protein (tubulin-associated unit) was identified in 1975 and is encoded by a single gene locus 17q21.3 in human [@B17]. Tau is a microtubule-associated protein highly conserved and exclusively found in higher eukaryites [@B18],[@B19]. Pathological hyperphosphorylation and aggregation of tau deposits as neurofibrillary tangles (NFTs) in the brains of those with Alzheimer\`s disease (AD) and other related neurodegenerative disorders called tauopathies.

Endoplasmic reticulum (ER) is a highly dynamic organelle with crucial biosynthetic and signaling functions in eukaryotic cells. ER has two major functions, one is the major intracellular calcium (Ca^2+^) storage, the other is providing the environment for the synthesis, folding, and modification of proteins [@B20],[@B21]. The ER stress will happen when the intracellular environment contains large amounts of abnormal protein accumulation. Severe ER stress can cause cell death, usually by activating intrinsic apoptosis. Moreover, the ER stress caused by the accumulation of terminally misfolded protein aggregates that cannot be degraded by the proteasome may also activate the autophagy machinery [@B22],[@B23]. Autophgy is a process by which cytoplasmic components including macromolecules and organelles are degraded by the lysosome [@B24]. Autophagy is orchestrated by lots of highly conserved autophagy-related genes (ATGs), which were originally identified in yeast and in mammalian cells [@B25],[@B26]. Autophagy is activated in response to a host of stimuli including nutrient depletion, hypoxia, and activated oncogenes. But excess auphagy can induce cell programmed death called type II cell programmed death. Akt/mTOR/p70S6k is an important signaling pathway that could regulate autophagy. LC3 and Beclin1 are ATGs required for macroautophagy and its related process. In the process of mature of autophagysome, LC3I is phosphorylated to LC3II and the expression of Beclin1 is enhanced, so the proportion of LC3II and the expression of Beclin1 are always used to assess the level of autophagy in cells.

In our experiments, we supposed that low levels of Pb exposure could induce accumulation of α-synuclein and excessive phosphorylation of tau, while promote ER stress, and stimulate apoptosis and autophagy, thereby affect the number and function of hippocampal neurons in rats, and reduce the ability of learning and memory in rats.

Materials and methods
=====================

Drugs and reagents
------------------

Monodansylcadaverine (MDC), lead acetate, and anti-β-actin antibody were purchased from Sigma (St. Louis, MO, USA). Anti-LC3, anti-Beclin1, anti-α-synuclein, anti-p70S6kinase, anti-p-p70S6Kinase, anti-caspase-3, anti-mTOR, anti-p-mTOR, anti-tau5, anti-tau396, anti-tau404, anti-Grp78, anti-Bcl2, and anti-ATF4 bodies were purchased from Cell Signaling (Beverly, MA, USA). Secondary horseradish peroxidase-conjugated antibodies and ECL Western detection reagents were purchased from Amersham Biosciences (Little Chalfont, Buckinghamshire, UK). Hoechst 33258 was bought from Beyotime (Nantong, China).

Animals and treatments
----------------------

This study involved 40 weaned male Sprague-Dawley rats (littermate, from the animal centre of the Fourth Military Medical University) with an average weight of 40\~60g. All rats were maintained in 12h dark/12h light cycle room with free access to food and water. The temperature and humidity of the animal room were maintained within a stable range (23±1℃, 65\~70%). All animals were handled in accordance with the procedures outlined in the "Guide for the care and use of laboratory animals" (National Institutes of Health Guide), and the institutional committee on animal research approved the study. On day 3, the rats were randomly divided into four groups with 10 rats of each group: control, low-dose Pb exposure group, middle-dose Pb exposure group, and high-dose Pb exposure group. Lead acetate was dissolved with deionized water to different concentrations (0, 100ppm, 200ppm, 300ppm). Through the drinking to use narcotics, the control group drank deionized water. The period of exposure was 8 weeks.

Morris water maze
-----------------

The water maze was a black circular pool (120cm in diameter, 45cm in high) filled with water (30cm depth) heated to 27^o^C. Each subject\'s path in the pool was recorded with Videomex Water Maze Monitoring Software (Taimeng tech, Chengdu, China) and analyzed off-line. All animals were first screened for visual and/or motor impairments using a visual cue version of the water maze. Two days after the cue task, rats received training on a spatial version of the Morris water maze according to methods previously described by Foster [@B27],[@B28]. The all-black escape platform, located about 1.5 cm below the water\'s surface, remained in the same quadrant across trials for each group of animals, but varied from group to group. The curtains surrounding the pool were removed, revealing extra-maze cues within the room, including high-contrast, black and white poster boards. Starting locations were randomized across trials. There were four different trials in the maze in total. Four different starting positions were equally spaced around the perimeter of the pool. In the hidden platform test, 10 rats of each group conducted 4 trails one day and continued 8 days. On each day, all four start positions were used once in a random sequence equal for every rat. If the animal failed to escape within 120 s, it was manually guided to the platform. Latency and path length traveled to escape were used to measure performance in each trial.

The measurement of Pb in blood and brain samples
------------------------------------------------

After experiments of Morris water maze, blood samples (0.1 ml) and hippocampus samples (0.2g) of rats were collected from each group. The whole blood samples were used for determination of blood Pb using electrothermal atomization atomic absorption spectroscopy (AAS). Brain tissues were excised and weighed. The hippocampus was quickly dissected on ice and used for determination of Pb using an electrothermal atomization AAS.

Immunohistofluorescence
-----------------------

The rats were sacrificed by terminal anesthesia followed by transcardial perfusion with ice-cold 0.9% NaCl and fixed with 4% paraformaldehyde (PFA) for 24 h. The tissue were gradient dehydrationed with 20% and 30% sucrose for 24\~48 h. And then hippocampus tissues were bladed to sections of 10 μm with freezing microtome (Leica). Sections of hippocampus on glass slides were pre-treated with 3% H~2~O~2~ and 10% methanol. Rinsed with Tris-buffered saline (TBS) 3 times for 5 min, and incubated with 1% bovine serum albumin (BSA) in TBS and 0.2% Triton X-100 in TBS for 1 h and then with primary antibodies against α-synuclein (1:500) at 4^o^C for 16 h. Sections were rinsed with TBS 3 times for 5 min, followed by incubation with secondary antibodies and Hoechst 33258 for 1 h at 37^o^C. Then sections were rinsed with TBS 3 times for 5 min. Glass slides were mounted on coverslips using anti-fluoresence reagent as the mounting medium. Finally, the slides were observed by using a fluorescence microscope (OLYMPUS, Japan).

The detection of autophagic vacuoles by monodansylcadaverine (MDC) staining
---------------------------------------------------------------------------

Autophagosomes were detected with MDC according to the Biederbick method [@B29]. Sections of hippocampus on glass slides were pre-treated with 3% H~2~O~2~ and 10% methanol. Rinsed with TBS 3 times for 5 min, and incubated with 1% bovine serum albumin (BSA) in TBS and 0.2% Triton X-100 in TBS for 1 h and then with 0.05 mM MDC for 60 min at 37^o^C. Then sections were rinsed with TBS 3 times for 5 min. Glass slides were mounted on coverslips using anti-fluoresence reagent as the mounting medium and observed under a fluorescence microscope (OLYMPUS, Japan).

Western blotting
----------------

The rats were sacrificed by terminal anesthesia followed by transcardial perfusion with ice-cold 0.9% NaCl and decapitated. Total proteins were isolated from the hippocampus of the rats with mammalian tissue lysis/extraction reagent (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer\'s protocol. Protein samples were separated on 5%-12% gradient SDS-PAGE and transferred to PVDF membranes. The membranes were blocked in 5% skim milk for 1 h, and probed overnight at 4^o^C with primary antibodies in 5% skim milk. The membranes were washed with Triton X-100 in TBS 3 times for 5 min, and incubated for 1 h with appropriate HRP-conjugated secondary antibodies at 37^o^C. Blots were washed and developed by using an enhanced chemiluminescence system according to manufacturer\'s instruction and exposed to Hyperfilm-ECL (Amersham). The same blots were reprobed with β-actin antibody as a loading control. Densitometry analysis band intensity was performed using Image J software.

Statistical analysis
--------------------

All in vitro experiments were reproduced at least in triplicate. Data were analyzed using SPSS software, version 11.0 (SPSS Inc., Chicago), and values were presented as mean ± standard deviation (S.D.). Differences between groups were considered statistically significant according to a one-way ANOVA followed by a parametric multiple comparison test (Dunnett\'s test). Significances were indicated with \*p\<0.05; \*\*p\<0.01.

Results
=======

Pb concentration in blood and hippocampus
-----------------------------------------

In order to verify the success of Pb-modeling, we tested the level of Pb in blood and brain in different groups of rats exposed for 8 weeks. We found the level of Pb in blood and brain of 100ppm, 200ppm, and 300ppm groups, was significantly higher than that of control group (Fig.[1](#F1){ref-type="fig"}).

Pb exposure affected the ability of learning and memory in rats
---------------------------------------------------------------

After 8 weeks of Pb exposure, we found that ability of learning and study in Pb exposure rats was obviously lower than those in control groups with Morris water maze test. During this experiment, there was no difference on the gloss of coat, moving activities, alertness, nose, eyes and limbs between Pb exposure groups and control group. And no significant difference in swimming velocity was observed among the different experimental groups (Fig. [2](#F2){ref-type="fig"}A). Pb exposure rats were impaired at acquiring the spatial reference memory (SRM) in water maze task. In the hidden platform test, rats of control group showed a progressive decline in escape latencies and pathlengths over the 8 training days. In contrast, the rats of different Pb exposure groups showed little decline (Figure [2](#F2){ref-type="fig"}B). A further day-by-day analysis revealed that the latencies of Pb exposure groups were significantly longer than that of the control group on day 2 (P\<0.05), day 3 (P\<0.01), day 4 (P\<0.01), day 5 (P\<0.01), day 6 (P\<0.01), day 7 (P\<0.01) and day 8 (P\<0.01).

Accumulation of α-synuclein was induced by Pb exposure
------------------------------------------------------

We used double immunofluorescence to examine whether the accumulation of α-synuclein was induced in Pb-treated groups. We found that α-synuclein aberrantly accumulated in Pb treated groups, but not in control group. Interestingly, with the increase of the Pb concentration, the numbers of α-synuclein stained puncta contemporary increased (Fig.[3](#F3){ref-type="fig"}C). The Western blotting results also illustrated the same consequence (Fig.[3](#F3){ref-type="fig"}D). These results show that Pb promoted aberrant accumulation of α-synuclein in the hippocampus of adult rats.

Hyperphosphorylation of tau in the hippocampus of the rats in Pb-exposed groups
-------------------------------------------------------------------------------

The phosphorylation of tau is mostly at S396 and S404 sites. Abnormal phosphorylation of tau occurs before the onset of NFTs. In our studies, we found that excessive phosphorylation of tau at both 396 and 404 sites in the Pb-exposed groups (Fig.[4](#F4){ref-type="fig"}). With the increased concentration of Pb exposure, tau phosphorylation levels at both 396 and 404 sites were also enhanced. Our results suggested that Pb exposure promoted the tau hyperphosphorylation in hippocampus in rats.

Both autophagy and apoptosis were obviously heightened by Pb exposure
---------------------------------------------------------------------

To evaluate the effect of Pb on autophagy and apoptosis, immunohistochemical staining and Western blotting studies were carried out. As shown in Fig. [5](#F5){ref-type="fig"}A, the number of autophgosomes marked by MDC in CA1 in hippocampus of Pb exposure was obviously higher than that in control group. Further Western blotting experiments established a dose-dependent effect of Pb exposure on the protein level of Beclin1 and microtubule-associated protein 1 light chain 3 (LC3). With the increase of Pb concertration, the autophagy level was also increased, as evidenced by the levels of LC3II to LC3I and Beclin1. In addition, Western blotting experiments also confirmed that Pb exposure can activate caspase-3, from which we can judge that Pb exposure could promote the occurrence of apoptosis. These findings suggest that autophagy and apoptosis may be the reasons for impaired learning and memory after Pb exposure.

Pb exposure promoted endoplasmic reticulum stress and inhibited Akt/mTOR signaling pathway
------------------------------------------------------------------------------------------

Grp78 is an ER stress-related protein. In our study, we detected the level of Grp78 protein in CA1 of hippocampus in rats exposed to Pb for 8 weeks by Western blotting, and found that Pb exposure can significantly promote the level of Grp78 protein, compared with that of control group (Figure [6](#F6){ref-type="fig"}A). During ER stress, the levels of CHOP and ATF4 proteins in CA1 of hippocampus in Pb exposure rats were also increased, compared with that of control group (Figure [6](#F6){ref-type="fig"}A). At the same time, we also detected the Akt/mTOR signal pathway. Akt/mTOR pathway was suppressed in Pb-exposed groups, compared with that of control group. With the increase of Pb concentration, Akt/mTOR pathway was inhibited more apparently (Fig.[6](#F6){ref-type="fig"}). The inhibition of Akt/mTOR pathway may be the reason for promoting the occurrence of autophagy and apoptosis, and leading to cutdown number and impaired function of neuron in CA1 of hippocampus in Pb-exposed rats.

Discussion
==========

Recent studies show that environmental Pb exposure has certain toxicity to nervous system of animals and humans. Pb expose can injure the ability of learning and memory. In central nervous system (CNS), the major function of hippocampus is learning and memory. When hippocampus is damaged, the ability of learning and memory will be injured. The mechanisms underlying this effect have not been fully clarified. In our study, we confirmed the effects of Pb exposure on the ability of learning and memory in rats and further determined possible mechanisms involved in this process.

The function of α-synuclein in CNS neurons is modulating synaptic transmission, the density of synaptic vesicles, and neuronal plasticity. But aberrantly α-synuclein polymerize with typical amyloid properties can cause Parkinson\'s disease or related disorder dementia with Lewy bodies. Previous studies show that manganese can induce the accumulation of α-synuclein and is toxic to neurons [@B16] . In our study, the results showed that Pb exposure also can cause excessive accumulation of α-synuclein in CA1 of hippocampus (Fig. [3](#F3){ref-type="fig"}). Maybe the increase of α-synuclein is one of the reasons leading to damage on ability of learning and memory of Pb exposure in rats.

Tau protein is also an important protein related to the neuronal degeneration in CNS. Pathological hyperphosphorylation and aggregation of the tau protein can cause nervous system diseases. The phosphorylation of tau is mostly at S396 and S404 sites. Abnormal phosphorylation of tau occurs before the onset of NFTs. Our results showed that Pb exposure can cause hyperphosphorylation of tau in CA1 in hippocampus (Fig. [3](#F3){ref-type="fig"}, Fig.[4](#F4){ref-type="fig"}).

ER is an important organelle that regulates the metabolism of abnormal protein intracellular. When there were a large number of abnormal proteins intracellular, such as α-synuclein and tau, ER will occur. In our study, we found that Pb exposure can include the accumulation of α-synuclein and excessive phosphorylation of tau, so we want to know the relationship between them with ER stress, and we detected the level of Grp78, ATF4, and CHOP protein as the ER stress-related proteins by Western blotting. We found that the level of ER stress-related proteins increased (Fig [6](#F6){ref-type="fig"}), indicated that Pb exposure could induce ER stress in hippocampal neurons. There are two ways to cause ER stress, one is direct effects on hippocampal neurons, and the other is indirect effect. So, Pb as an exogenous toxic metal ions into the neurons can cause endoplasmic reticulum stress (Fig.[6](#F6){ref-type="fig"}). Taken together, Pb can lead to excessive accumulation of α-synuclein and hyperphosphorylation of tau protein which indirectly cause ER stress (Fig. [3](#F3){ref-type="fig"}, Fig. [4](#F4){ref-type="fig"}).

Severe ER stress can cause cell death, usually by activating intrinsic apoptosis. Moreover, the ER stress also can upregulate the autophagy machinery [@B22],[@B23]. Autophagy is a general term for pathways by which cytoplasmic materials, including soluble macromolecules and organelles, are delivered to lysosomes for degradation [@B30]. Although autophagy can protect neurons through regulating the environment within the cell. However, the occurrence of excessive autophagy can lead to autophagic cell death, also known as programmed cell death II. In this study, we also found that Pb could induce apoptosis and autophagy, the activation of caspase-3. The ratio of LC3II to LC3I and the level of beclin1 protein were also increased in Pb-exposed rats (Fig. [5](#F5){ref-type="fig"}). Maybe those results were induced by ER stress.

It is well established that mTOR kinase, which integrates upstream signaling pathways, serves as a key signaling molecule in the suppression of autophagy [@B31],[@B32] . It has also been reported that inhibition of p70s6k, a downstream target of mTOR signal, is involved in the enhancement of autophagy. Overall, the inhibition of autophagy is dependent on the activation of mTOR and p70s6k signaling [@B33],[@B34]. In our study, the Akt/mTOR/p70s6k signaling pathway was suppressed in Pb-exposed groups, compared with that in control group, and with the increase of Pb concentration, Akt/mTOR pathway was inhibited more apparently (Fig.[6](#F6){ref-type="fig"}).

The results of this study indicate that Pb-induced neurotoxicity may be mediated by ER stress, which could be indirectly induced by excess accumulation of α-synuclein and hyperphosphorylation of tau. ER stress can promote expression of Beclin1 and changed ration of LC3II/LC3I (Fig.[5](#F5){ref-type="fig"}C), and inhibit the Akt/mTOR pathway, suggesting that Pb can cause autophagic cell death. ER stress can also promote the activation of caspase-3, which causes apoptotic cell death. These may be the reasons for hippocampal neuronal injury and key reasons leading to injured learning and memory in response to Pb exposure.
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![**The Pb concentration in blood and hippocampus.**Different doses of Pb in blood and hippocampus after exposure for 8 weeks. (A) Blood Pb (n=10). (B) Brain Pb (n=10). Significance (Bonferroni /Dunn *post hoc* comparisons after ANOVA): \*p\<0.05, \*\* p \<0.01 *vs* the vehicle control group. Graphs show mean± SD.](ijbsv08p0935g01){#F1}

![**The effect of Pb exposure on spatial reference memory.**(A): Swimming speed in the water maze on the first day of the training showed no significant difference among the groups. (B): Performance of rats in Pb-exposed groups in terms of escape latency across eight blocks of training was obviously impaired compared with rats in the control group. Analysis of escape latencies revealed that these abilities were affected by Pb exposure (treatment effect, p\<0.05).](ijbsv08p0935g02){#F2}

![**The effect of Pb exposure on accumulation of α-synuclein in CA1 in hippocampus.**Immunofluorescence and Western blotting were conducted to measure α-synuclein immunoreactivity and α-synuclein protein expression in CA1 in hippocampus. (A, B) Immunofluorescence observation on α-synuclein protein expression in CA1 in hippocampus. (a-c) control; (d-f) 100ppm, (g-i) 200ppm, (j-l) 300ppm (A, Bars: 100μm; B, Bars:50μm). (C) Quantitative analysis of the effect of Pb exposure on the number of α-synuclein puncta per cell. \*p\<0.05, \*\* p \<0.01 *vs* the vehicle control group (D) The effect of Pb on protein expression of α-synuclein protein. (E) Densitometry analysis of α-synuclein protein levels was performed using three independent experiments. β-actin was used as the control for protein loading (mean± SD; one-way ANOVA with Newman-Keuls*post hoc* analysis, \*p\<0.05 and \*\*p\<0.01 *vs* the vehicle control group).](ijbsv08p0935g03){#F3}

![**The effect of Pb exposure on tau phosphorylation in CA1 in hippocampus.**Western blotting was conducted to mesure phosphorylation of tau at 396 and 404 sites. (A) The effect of Pb on tau phosphorylation at 396 and 404 sites. (B, C) Densitometry analysis of tau phosphorylation at 396 and 404 sites were performed using three independent experiments. Tau-5 was used as the control for protein loading (mean±SD; one-way ANOVA with Newman-Keuls*post hoc* analysis, \*p\<0.05 and \*\*p\<0.01 *vs* the vehicle control group).](ijbsv08p0935g04){#F4}

![**The effect of Pb exposure on autophagy and apoptosis.**Immunofluorescence and Western blotting were conducted to measure autophagy level in CA1 in hippocampus. (A) Immunofluorescence observation on autophagosome formation in CA1 in hippocampus. (a) control; (b) 100ppm, (c) 200ppm, (d) 300ppm (Bars: 50μm). (B) Quantitative analysis of the effect of Pb on the number of autophagosome in CA1 in hippocampus. \*p\<0.05 and \*\*p\<0.01 *vs* the vehicle control group. (C) The effect of Pb on Beclin1, LC3 II and LC3 I protein expression, and caspase-3 cleavage. (D, E, F) Densitometry analysis of the ratio of LC 3 II to LC 3 I (D) Beclin1 (E) relative to β-actin (loading control), and the cleavage of caspase-3 (F) were performed in three independent experiments (mean± SD; one-way ANOVA with Newman-Keuls post hoc analysis, \*p\<0.05 and \*\*p\<0.01 *vs* the vehicle control group).](ijbsv08p0935g05){#F5}

![**The effect of Pb exposure on ER stress and Akt/mTOR pathway.**(A) The effect of Pb on protein expression of Grp78, ATF4, CHOP, and Akt/mTOR/p70s6k phosphorylation. (B-H) Densitometry analysis of Grp78 (B) ATF4, (C) CHOP, (D) relative to β-actin (loading control), and the phosphorylation of Akt (E), mTOR (F) and p70s6k (J) were performed in three independent experiments (mean±SD; one-way ANOVA with Newman-Keuls*post hoc* analysis, \*p\<0.05 and \*\*p\<0.01).](ijbsv08p0935g06){#F6}
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